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Abstract—This paper describes an architecture for armous, lights-oytoperations. In the DS-T concept, a global
autonomous Deep Space Tracking Station (DS-The  DSN schedule is disseminated to a set of autonomous DS-T
architecture targets fyllautomated routine operations en- stations Each DS-T station operates autonomously, per-
compassing scheduling and resource allocation, antenrfi@ming tracks in a largglindependent fashion When

and receiver predict generation, kgrocedure generation requested to perform a track, the DS-T station performs a
from service requests, and closed loop control and errarumber of tasks (at appropriate times) required to execute
recovey for the station subsystemsThis architecture has the track First, the DS-T station uses appropriate space-
been validatedbthe @nstruction of a prototype DS-T sta- craft navigation ephemeris @mpredict generation software
tion, which has performed a series of demonstrations ofn order to produce necesgaantenm and receiver predict
autonomous ground station control for downlink servicesnformation required to perfor the track Next, the DS-T

with NASA’s Mars Global Surveyor. station executes the pre-calibration process, in which the
antenmm and appropriate subsystems (e.g., receiver, exciter,

1. INTRODUCTION telemety processor, etc.) aronfigured in anticipation of

2 SIGNAL DATA FLOW the trackf Durir;)g the a_\cttélatrac;:k,h the signa:j fmmbthe
spacecrdaf must be acquired and the antanend subsys-

3. OVERALL ARCHITECTURE tems must & mmmanded to retain the signal, adjust for

4. NETWORKARCHITECTURE changes in the signal (such as changes in bit rate or modu-

5. STATION ARCHITECTURE lation index as transmittedylthe spacecraft), ahperform

6. DESIGNCRITERIA erra recovery Finally, & the mmpletion of the track, the

7. RESULTS station must be returned to an appropriate sly;us'_‘t_ﬁie in

8. FUTUREWORK preparation for the ne>¢r_ack All of these activities re-

) quire significant automation and robust execution including

9. COMPARISON TOOTHER WORK closed loop control, retries and contingghandling.

10. INSIGHTS TODSN AUTOMATION

11. CONCLUSION In order to provide this autonomous operations capability,

12. ACKNOWLEDGEMENTS the DS-T station employs tiglgticoupled state of the art

hardware and software The DS-T architectwr excom-
passes two levelgshe network level and the station level.
Within this paper we focus primayilon the station level,

but also describe the aspects of the network layer as rele-
n to the integration of the DS-T into the overall Deep
pace Network architecture.

1. INTRODUCTION

The Deep Space Network (DSN) was established in 195
and ha snce e&olved into the largest and most sensitive
scientific telecommunications and radio navigatetwork

in the world The purpose of the DSN is to support un-
manned interplanetarspacecrafmissions and to support
radio and radar astrongnobservations taken in ¢hexplo-
ration of space The function of the DSN is to receive te-
lemety signals from spacecraft, transmit commands tha
control spacecraft operating modes, generate the rad
navigation data used to locat Lde a spacecrtto its . L i
destignation, and acquire flighfdg%io scienpce, radio and ralithin the DS-T station itself, there are thre_e layers within
dar astronomy, vgrlong baseline interferometry (VLBI), the software and hardwarte DS-T automation layer, the

and geodvynamics measurements. D_S-T application layer, and the DS-T subsystéayer.
geody First, & the network layer the JPL scheduler layer accepts

téack requests (along with service definitions: downlink,
uplink, uplink/downlink, etc. ) frm the flight projects and
produces a local schedule for each DS-T statiGecond,

The network layerepresents the Deep Space Network wide
operations capabilitnecessarto determine the DS-T op-
erations activities over a medium range time scale (a
weekly basis) at a high level of actiyit(the services the
PS-T station is to provide to spacecraft over each specific
period of time during the week).

This paper describes the Deep Space Terminal (DS-T),
prototype 34-meter deep @A ®mMmMmunicatiols gation
developed as a technolpgemonstration ofully autono-



the DS-T automation laygesides locall at the DS-T site

and accepts a local schedule from the scheduler layer. This order to create a communication link with a spacecratft,
schedule is interpreted/a sched# eecutive which, for each of thes mmponents must éb onfigured and net-
each track, causes track script generation to execute am@rked together The spacecrafinvolved with the link
causes execution of the track strigself The final com-  affects tle @nfiguration, while different configurations are
ponent of the DS-T automation layer is the Downlinkrequired for differentrack services In the ase of DS-T,
Monitor, which runs the scripts that perform the actions fothese services consisted of different forms of downlink. In
each specific track The Downlink Monitor is also part of the ase of a DS-1 Beacon track, a different receiver (FSR)
the DS-T application layer wheiieinterfaces to the sub- is used due to thewobandwidth signal.

systems.

In May 1998, the DS-T prototype first demonstrated auto-
mated downlink capabilitof single isolated f[racks for the 3. OVERALL ARCHITECTURE
Mars Global Surveyor (MGS) spacecraft. Since May, manyty,o ps.1 yses a layered architecture approach (see Figure

multi-day demonstrations have taken place including a Si)below The lowes laver is made up of the sub-systems
day unattendd demonstration During these demonstra- ) Y P Y

X ) ; ) themselves In conjunction with the hardware mentioned
tions, a service request for downlink services, a track s

- owe additional sub-systems make up the ldwager of
quence of events, and spacecraft ephemeris were usedyQ o ichitecture, the sub-systdayer These additional
automaticay downlink data fran the MGS spacecraft. ¢, qvstems incluontrollers for the components already
Future demonstrations of the DS-T prototype include,,oniioned and sensosub-systems
autonomous downlink tracking of the WeMillennium '
Deep Space One (NM DS1) Spacecraft, and support of the
DS1 Beacon Monitor Experiment. Network Layer
Global Scheduling

Included in NM DS1 suppbris sipport of the Beacon

Monitor Experiment (BMOX), in which the spacecraft will ,

initiate a track requestylcommunicating a b bandwidth Station Layer
signd to a small antenna which will automatigattigger Automation
the scheduling of a demand access track and subsequent Layer
automated execution of the trackthe DS-T station For

the initial BMOX demonstration the DS-T station will be

used to perform tone detection as well. Monittfaie(;on"o'
In the remainder of the paper we describe the overall ar-

chitecture and hwm it fits into the DSN operations archi- Sub-system
tecture First we describ each of the layers in the DS-T Layer
architecture the network layer, and the layers comprising

an individual station layer (the automation layer, protocol
layer, and subsyste layer) We then describe in further
detdl the arrent status of the implementation of the ar-
chitecture presented, discuss @asults, talk about future
work, and finaly we make comparisons tther systems.

Layered &ove the hardware or sub-systdayer is the ap-
plication layer. This layer is comprised oétlontrol soft-
ware used in commanding the sub-systems in the hardware
layer and monitoring the status of these systems.

The top layer is the automation layer, which comprises all
2. SGNAL DATA FLOW of the automation software. The automation layer also pro-
) _vides the interface to the autonomous station/terminal. Itis
The hardware architecture for the Deep Space Terminghrough the automation layer that service requests are sub-

(DS-T) ground communication station primgrdonsist of  yjtied to the system and then scheduled for execution.
a 34m beam wave guide antenna, w lwise amplifier

(LNA), a down converter (DC), a Block V Receiver (BVR),

) The | h h hi i I
and a telemeyr(TLM) processor (see Figure below). e layered approach to the architecture pravigera

benefits First and foremds it provides well-defined
’ boundaries between different functionalities within the sys-

tem. This combined with the intuitive abstraction levels
makes decomposition of the system simpler, aiding in divi-
/ sion of development and testing responsibilities.

4. NETWORKARCHITECTURE

When the decision is made tg & mission, a verknowl-
edge-intensive process begins that will ensure the necessary

LNA ™ DC [P BVR [P TLM




DSN antenna coverage. First, a forécasmade of the Assets Database (MADB). The MADB is a major interface
DSN resources thahe spacecraft will requireln the Re-  point fram the network layer to the automation element of
source Allocation Process (RAP), the types of services, frehe station layer.

quency, ad duation of the required tracks are determined

as well as high-level resource requirements (e.g., antennanotha required capabilit of the DSN and the DS-T
While the exad timing of the tracks is not known, a set of network layer is to generate meged time telemety and
automated forecasting tools are used to estimate networkonitor dah a well as performance summarizations.
load and to asdign ensuring that adequate network re-These are generateg the monitor and conttdayer of the
sources will be availableOne part of the network archi- DS-T station and are forwarded on to the network layer for
tecture is a unified tool suite that has been developed callegppropriate distribution.

TMOD Integrated Ground Resource Allocation System

(TIGRAS), which uses operations researchl grobabilis-

tic reasoning techniques to alldorecasting and capacity 5. STATION ARCHITECTURE

planning for DSN resources [4].

. _ ) The station laye repesents the actual hardware and
As the time of the actual tracks approaches, this estimate ghfvare dedicated to a single DS-T statioThere are
resource loading is conver_ted to an actual schedule, whiGR,ee principal components to the station layéne
becomes ma@ mncrete as time progresses. In this procesgyytomation layer, the monitor and conttayer, and the
specific project service requestsdapriorities are matched g hsystm layer The automation layer is responsible for
up with available resources in order to meet communicane high level control and execution monitoring of the DS-
tions needs for earth-orbiting @rteep space spacecraft. T station. The monitor and contrayer is responsible for
This <hedulirg process involves considerations of thou- oy |evel control of the antenna track as wedl togging
sands of possible tracks, tens of projects, tens of antenBaq archiving relevanmonitor data The subsyste level
resources and considerations of hundreds of subsystefoyides a unifan interface to the antenna subsystems to
configurations. In addition to adding the detail of antennggijlitate modular software design and reduce #fort

subsystem allocation, the initial schedule undergoes COmygeded to interchange and upgrade hardware.
tinud modification due to changq project needs, equip-

ment availability, and weather considerations. Responding
to changing context and minimizindsruption while re-

scheduling is a keissue. The Automation Layer

) _ . The automation layer perfosreeveral functions within the
An ?VC"Ut'O” of the Operation Mission Planner (OMP-pg T UNIX workstation, all relating to automation and
26M’) system, the Demand Access Network Schedulefigh |evé monitor and control for the DS-T statiorThis
(DANS) [6] is designed to deal with the reoomplex sub-  |aver consists of six componentshe service request

system and prioytschemes required to schedule the largep ocessor, the schedulexecutive, configuration engine,
34 ard 70 meter antennasBecause of the size and com- predict generators, script generator [9], and the station

plexity of the rescheduling task, manual scheduling is proggntroller.
hibitively expensive.  Automation of these scheduling

functions is projected to save millions of dollars per year inrhe ps-T's service request(SR) processor takes in a
DSN operations costs. service request @ngenerates first cut configuration files

. . ) . needed to produce a scheduling request define the
DANS uses priority-driven, best-first, constralnt-basedreques to be performed From these files the requess

search and iterative optimization techniques to performy;ssed to the DANS scheduling systéo produce the
priority-based rescheduling in response to changing ”engetwork schedule.

work demand. In these techniques, DANS first considers

the antena dlocation process, as antennas am ¢itral  The schedut exeative (SE) takes the network schedule
focus of resowe @ntention. After establishing a range of 54 sets up the station schedule for executiahpeovides
antenna options, DANS then considers allocation of the 54e means for automated re-scheduling and/or manual
13 subsystems per track (out of the tens of shared subsyghedus aliting in the eent of changes to the master
tems at each antenna complex) usgedch track. schedule Schedué eecution & ®t up ly parsing the
. _ schedule and scheduling the sub-tasks kwitieed b be
The network layer has three principle interfaces to |°We[)erformed in order to accomplish the origigadcheduled
levels in the automation architectureln addition t0  aetivity. Each subtask is placed into a UNIX crontab file
resource allocation, the network layer is responsible fopith the appropriate time stamp, relative to the Aquisition
storing information on the tracking services requirgdhe ¢ Signal (AOS) In this manner, each of the remaining

spacecraft, current s_pacecraft configuratio_n, playeaad components of the automation layer are invokedha
spacecraft ephemeris, and telecommunications mOdE|§ppropriate timeyothe UNIX crontab facility.

This information (as well as éhairrent schedule)sigored

in a globaly accessible databasalled the Mission and The configuration engingCE) is the firs to be starte up
by the aon facility. This componenis responsible for
retrieving all the necessadata/data files needed for station

! Scheduling tool for 26-meter antenna network.



operations, from a collection of data store$hese files Control Layer As such the eplanation of the SC
contain information about: spacedr&fajectory, needed to functionaliy is left for the next section of this paper.
calculate antenna pointing predicts; spacecrait yeriods

(when the spacecttafs visible to the antennajnodels of

planetay orbits, to determine if the spacecraft widgs  The Station Monitor and Control Layer

obstructed; precise location of the ground station; angpe station Monitor and Control process acts as an agent
activity service packages (ASP)The ASPs contain the ¢, the Automation Layer, executing the generated scripts.
service request which define the type of agtidesired by  the Monitor and Control (M&C) layer expands the high
a mission/project and actiyitietails like arrier frequency, |gye| directives of the scriinto subsystem dependent di-
symbol rate, ath projed mission profiles.  The CE  qqives isolating the automation layerrfrdhe lower lev-
examines this vast collection of datnd extracts the g By using the monitor information fro the Station

relevan information into configuration files for the \jonitor process, the script execution path is altered as nec-
remaining modules of the automation layer. essay to accommodate external events.

After the CE creates the needed configuration files for th
predict generatorgPG) and thescript generatonSG), the
cron facility invokes the SG processes with its appropriat
configuration files.

&ll subsystem generated monitor information (monitor data
ackets and event notices) is processed in the Station
onitor process The monitor data is recorded in a data

store and condendeerformance reports are generated for

he higher level .
The SG is where the majoriof the @ntrol autonomy the higher level processes

comes from The SG uses Artificial Intelligence Planning
techniques to perform a complex software modul
reconfiguration process [7] This process consists of
piecing together numerous highinterdependent smaller
control scripts in order to produce a single script to contr
the operations of the DS-T station.

The Uplink/Downlirk process handles the spacecraft com-
fnand and telemetrdata flow The ®mmani data is ac-
cepted as Command Link Transmission Units (CLTUS) or
s commad packet files ad processed according to Con-
ultative Committee for Space Data Systems (CCSDS)
standards Telemety data is formatted in the subsystem
into frames or packets. These are ardhiuatil the data is

The ore engine used in the SG is the Automatedyejivered to the mission or the Product Data Deliver System
Scheduling and Planning ENvironment (ASBENO]. %PDDS) ¥
| .

The ASPEN system is a reusable, configurable, gener
planning/ scheduling application framework that can b
tailored to specific domains to creanflict-free plans or
schedules. It has a number of useful features including
expressive modeling language, a constramanagement
system fo representing and maintaining antenna operabil-
ity and/o resouce onstraints, a temporal reasoning sys-
tem and a graphitanterface for visualizig pans and
states. ASPEN has been adapted to input antenna tracki
goals and automaticgllproduce the required command
sequence necesygdo create the requested link.

§or debugging and experimental use the M&C layer has the
capability to handle lav level directives fo the subsystems
3R bypass mode.

The Station Subsystem Layer

e Subsysta interface layer handles all communication
protocol and connection related workrhis is necessary
because the DS-T is a xnof COTS (commercial off the

helf PL i i i i
The control script produced by the SG: sets up the track b‘:& elf) and custom JPL. designed equipment using a variety

b . : - X f protocols. The inherited JPL equipment uses a proprie-
configuring the statin duing pre-track; provide the track (51 communicatin protocol, while some COTS units use

service requeste by commanding ta antenra and Sub- +Cpyp and others use either the IEEEB @ RS-232 low
systems to acquer and maintain lok on the signal oye| protocols The JPL protocol also requiresetiguip-

throughow mode changes; and cleanup and shutdown thg,ant “to he assigned” to a track, requiring some hereditary
station at the completion of the track. connection management.

It is during the pre-track thahe predict generation (PG)

process takes place. The PG functiogaldnsists of three 6. DE C

predict generators used to calculate: antenna pointing - DESIGNURITERIA

predicts (AP-PDX), radiometric predicts (RAD-PDX), and . i

telemety predicts (TEL-PDX). Anotherequirement of the 1 N€ original goal wasothuild an autonomous control sys-

DS-T was to provide the means of generating on statiofp™M for @ deep spa ®mmunicatios gation This gstem

PDXs or to use provided PDXs This siow another hf’:ld to meEthe_ foIIowmg_ criteria: schedule driven with a

example of hw the DS-T SG reconfigures the pre-track, by_h|gh level service requp_mterface; an automated sched_ul-

selecting which predicts (PDXs) are tobe generated. ing component for initial scheduling and rescheduling;
provide script guided control; abyito generate predicts or

As previousy mentioned, the station controller (SC) spansuS€ Providd predicts; automaticafl configure pre-pass;

both The Automation Layer and The Station Monitor and.gtilization of COTS components wherever feasible; opera-
tions based on defined but expandable set of services;

autonomous errorecovey for a defined class of problems;



post pass data delivery; and treat ground terminal as a nsegments indicated in the figur@rack segment 2, which
work computer with an RF peripheral. is labeled LOS, indicates thtnere was a scheduled loss of
signal (LOS) so during teisgment no frames werol-
Although each of thesciteria where met, in an effoto  lected During each of the otherespective track segment
save space we will focus on avf&ey elements. One of the DS-T collectel 736, 91%, 96%, 90%, 23% of the broad-
mog important points was the idea of a ground statiorcasted frames As $iown ty the graph, during segment 1
looking just like a network computer to a user, operator, oand 6 the devation of the dish is i@ in the sky Under
mission This is best demonstrateq bn operational sce- the® drcumstances there is considesatriore atmospheric
nario. To provide service a user needydagjin to the DS- interference which explains the lower perceitrame ol-
T workstation and submit a service reduesthe schedul- lection. On the other hand, if you look at segment 4 where
ing system, or FTP a schedule and service réqaespar- there is a long segment with the spacecraft high in the sky
ticular file systen location. From either of these inputs the data collection is quite highin segment 3 ah 5 the
DS-T would detect th eistence of a track/service schedulevalues are a little lower due to the shortness of the seg-
and proceed to schedule station specific task and configureents This is explained ypthe fad¢ that some data is lost
the station to provide the service and fipalhen the time during a change in mode, as in the transition from LOS to
comes the track would begin without further user interaciway and 3way/25 to 1way.
tion.
We will take just a momento explain the modes during
As mentioned bowve, the station reacts to a service-requestthis track. When a spacecraft is downlinking data sid
derived schedule generateg¢ bn automated scheduling to be in 1lwa mode When an uplink and a downlink are
system It is through the reaction to thichedule thaithe  taking place simultaneouglthe spacecrafis sid o be in
dynamic track specifi oontrol scripts are generatedt is  2way mode If a station is communicating in 2ywanode
through tle eecution of thes @ntrol scripts thethe  with a spacecraft, and another station is listening in on the
autonomous operations of the station takes place. And fdownlink of the spacecraft, the second stat®maid © be
nally as for the COTS systems, both the monitor and conin 3way with the 2wg station. Because DS-T is not
trol software thainterprets te @ntrol script and the te- equipped for uplink , DS-T operates in either §wa3way
lemetly processor were commercialprovided. mode In this case during segment dss25 (deep space
station) was in 2wa and DS-T was in 3wawith 25
(3way/25). Because the downlink frequeris relative to
7. RESWLTS the uplink frequencyit is criticd to determine the station
involved in the uplink.

The mos important evaluation of a systeis does it work
In order to provide qualitative results, the DS-T was dem-

onstrated through a series of one to six d@monstrations. 8. FUTUREWORK

For September 16, 1998, a representative diaing our

six day autonomous unattendedemonstration, & ®l- Building on the success drknowledge gained fra the

lected &owe 90% of the transmitted frames. This perform-DS-T automation software, we have on going work to pro-

ance is on par with the operator-controlled stations. vide dynam¢ commanding This approach W i ntegrate

the planning aspect of control with the monitor and control

0 component By integrating these two aspects of automa-
0 Godsone T tion, a monitor and control systeis able to provide more

thorough erro recovey with reduced reaction timeThis
work is being done on a system called CLEaR (Closed Loop
Error Recovery) The CLEaR systa is al® being inte-
grated with a fault detection system (FDIR — Fault Detec-
tion, Isolation and Recovery) to provide intelligent analysis
of monitor data. Once the intelligent analysis is performed
CLEaR will reason abaduthe diagnostics ah provide an
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A A AR intelligent response. Both CLEaR and FDIR a&plained
e (CromaTine) in more detail in the Insights to DSN Automation section of

Track Segments: this paper
#1 11:1500 — 1400:23 3way/65 (Madrid) :
#2 14:0023 — 1542:26 LOS
#3 15:4226 — 1552:23 1way
#4 15:4226 — 1552:23 3way/25 (Goldstone) 9. COMPARISON TOOTHER WORK
#5 15:5223 — 2003:34 1way
#6 20:0334 — 2340:00 3way/34 (Canberra)

There are a number of existing systems, which integrate
scheduling, planning, control, and execution monitoring.
In the figure &owe, the graph represents when MGS was inve do not atterrpto reviev them all, but focus on a few
view of the ground stations at each of theethomplexes representative systems.o egin with, the main distinction
(Madrid, Goldstone, and CanberraPS-T, which is lo-  between this architecture and other work is the hierarchical
cated at Goldstone, tracked MGS through the five track




structure and ta omplexity of the DSN antenna opera- AuRA [1, 2] has three-tiers: planning, sequencing, and
tions domain. execution for use in mobilebad navigation. ¢ quencer
simply traverses a FSA expression of a plan, unlike the
Brooks’ subsumption architecture [5] contains no hierarchynore powerful algorithms used for scheduling in
of planning, scheduling, or control. This type of architecDANS/OMP. Also, AuRA first plans and then sequences,
ture has been used for mobileba navigation, where re- whereas the DSN automation architecture first schedules,
planning and rescheduling is a raomnstraine problem  then plans.
as compared to antenna operations which must schedule
and plan for multiple resources (antennas and subsystemshhe Cypress [19] architecture has plan and execution mod-
and with badh hard and soft temporal constraints. ules, which operate asynchronouslyhere is also an un-
certainty-reasoning module that communicates with both
CIRCA [17] has a three-tiered archite@umomprised of a the plan and execution modulesThe DN Automation
planner, scheduler, and an executott fhéeracts with the architectures sheduling, plan and execution modules can
environmem through actuators and sensors in a mobileoperate asynchronously, tbthere is no separate uncer-
roba navigation domain CIRCA does planning then tainty-reasoning module Each tier handles uncertainty
scheduling, versus the DSN automation architecture whicimndependently Cypress is also mdruly a hierarchical ar-
must first schedule and then plan. CIR€Aheduling chitecture and has no scheduling componértte military
enforces hard real-tim@nstraints, but returns failure if it domain that Cypress has been used for isyfaiomplex,
cannd med the time ®nstraints DANS/OMP, on the but since there is no scheduling component, Cypress
other hand, enforces hard real¢irmonstraints, but always doesnt tackle as comprehensive a problem as that de-
returns a schedule,ykusing the priorig scheme, which scribed in this paper.
maximizes the number of project requestg thaccommo-
dates If some project requests cannot be accommodatedoth SOAR [16] and Guardian [13] are general reasoning
DANS/OMP will still return a schedule, even thouglis  systems that can be adapted to a given task environment.
sub-optimal. The algorithms of the planner and the scheduler in the
DSN automation architecterould be applied to a number
3T [3] is a three-tiered architecture with a planner, seef domains. Th e&ecution tier in our architecture, though,
quencer, and a reactiveilbkn odule tha interacts with the is particular to the antenna operations doma@uardian
environment Planning occurs hierarchicgllbefore se- does not have a hierarchical architecture, but uses a black-
guencing, unlike the architecture, which we describe in thiboard architecture with one module devoted to scheduling,
paper, which dae heduling then planning The se- planning, and control SOAR also collapsesliahe tiers
quencer irgT is a RAP [11] interpreter that encoddisthe  into a single mechanism.
timing information within the RARs DANS/OMP does
not use RAPs, ah uses a ma omplex algorittm to  The DSN automation architecture uniguelombines a
schedule the projects’ requests. Unlike the DSN automatioscheduler, planner, and execution module to automate a
architecture, ingT dl three of its tiers do not need be  complex domain with mag conflicting, hard constraints,
used for a given task In the DSN domai necessarily handling re-planning and rescheduling as necessdrye
scheduling, then planning, then control and execution muslystems whic have been designed for mobilgba naviga-
happen for successful antenna operations. tion do not operate in as complex a domain as the DSN
antenna operations domainExamining the general rea-
ATLANTIS [12] is also a three-tiered architecture, similar soning systems, these are not hierarchjcaiganized into
tosT. Itis comprised of a controller which actstlae low-  separate planning, scheduling, and execution.ti€Fhis
est reactive level, a sequencer which is a special-purpobéerarchical organization is a necegsaart of the DSN
operating system based on the RAP system, and a deliantenna operations domainThe DANS/OMP scheduler
erator which does planning and world modelingin uses more powerful algorithms thenyaof the other de-
ATLANTIS, it is the sequencer which does the brunt of thescribed systems’ schedulers or sequencéhslike most of
work; the deliberator is under ¢hontrol of the sequencer. these systems, in the DSN antenna operations doiiha,
In fact, the deliberator’s outpis merey used as advice by necessarto first schedule and then plan, rather than plan
the sequencer, and ehentire systen is able to function and then schedulelLastly, during execution, none of the
without the deliberator, if necessaryn the DSN automa- other systems described appeats @pable of communi-
tion architecture, as mentionedose, scheduling occurs cating with as large a set of external equipment as there are
hierarchicaly before planning; both steps are necessaryin the DSN antenna operations domain, monitoring for
Also, there is a control and execution tier, which is separatgossibl multiple antenna or subsystem failures.
from the scheduling tier, unlike ATLANTIS, which com-
bines sequencing with control.

TCA [18] has no rdatiers, bt many distributed modules 10. INSIGHTSTO DSN AUTOMATION

working with a central conttanodule via message pass-

ing. There is no hierargithat sets up schedules or plans;|n the past, the process of operating DSN antenna stations,

TCA operates ysetting up a task tree instead. and providing communications passes has been labor and
knowledge intensive. Until verecently, automation in the



DSN was little more than a terminal connected to a net- knowledge in the form of control scriptand the develop-
work monitoring the status of the system through the man-ment of a framework for # eecution of this control
ual inspection of monitor data values, and a command linescripts. A large portion of the frame work addresses issues
interface for executing directives. Things improved when such as he to share dat anong dfferent components of
macro scripting was developed to enable operators to createe system, ah providing interfaces for the operators to
macros (i.e. actiwtsequences) to perform myaof the interact with system To date the NMC has automated the
commony performed tasks. Still this required large pre-track ad post-tra& portion of a communications pass,
amounts of operator expertise and knowledge. In this but nd the track segmeritself Automation of the track
mode, an operator monitors each communications pass, phase of a pass is currgntheing considered and offers
where as in the future (near term) design one operator  great potential benefit.
would monitor a number of passes.
One of the least automated components of the NPP charter
Recently, efforts have been made to redueedist of op- is the area of resource allocation/schedulifgue to the
erations [14] One such effort has been in the area ofhature of the limited resources for communication service,
automation Many approaches have been applied to autothe allocation of these resources, primatiile antennas, is
mation contrb/ commanding of differentypes of systems. an important process The resource allocation process
In the Al group at JPL we have worked on automating th€RAP) begins aithe inception of a rve mission to forecast
generation of conttd command sequences, which can bethe needs of thiamission and influence its communication
run as control scriptootgoerate the station. This process design This process continues throughdhbe life of the
was described in the DS-T script generator portion of thisission Currently this RAP process is a werlabor-
paper. Besides the current work presented in the discussiortensive process involving a lot of negotiating. Automated
of DS-T malry other efforts have and are focussing on thescheduling is one technique being appliedbtth reduce
future of DSN automation. Here we will give a brief over-the @st of producing an antenna allocation schedule and to
view of some of the work and technologies being applied talso improve the qualitof the schedule through denser use
further increase productivity, as the demand for servicef the resources.
goes up and the realities of economics require a reduction
in operating cost. Due to the legacsystem complexities in automating the
DSN, another task wgagarted, the Network Simplification
At JPL there has been a large amount of work in addressiriRyoject (NSP). The NSP charter has been in guiding future
these issues One ongoing effort has been the Networkdevelopment of the DSNPart of the findings of the NSP
Control Project (NCP), which is made up of two smallerpointed to the need to update rgarf the legag systems to

efforts: provide @mmmon interfaces and to @&isommon protocols.
¢ Network Planning Preparation (NPP), and One of the driving factors behind these interface upgrades
*  Network Monitor and Control (NMC). is to enable greater levels of automation in the realm of

monitor and control. Much of the NSP work is focussed on
The NPP effort addresses issues of infrastructufdnis  adopting maw of the mncepts demonstrated. Most signifi-
element includes: schedule generation, service request getantl the station centric approach.
eration, predict generation among othefgany of these
functions are interdependent upon each other and in tHe®oking further into the future of the DSN, maforms of
past have involved a large manual component. Througadvanced technologies are lepieveloped ad prototyped.
the automation of these support functions an environmeriEurrenty in the Al group at JPL, we are working on
will be geated enabling much memmplete automation modifying and extending th airrent ASPEN Track Plan
of other aspects of the procesMuch of the benefit will Generator to provide a Closed Loop Error Regpggstem
come through the sharing of daind the transfer of prod- (CLEaR) for DSN track automation. CLEaR is a real-time
ucts from one phase to another, wheach phase performs planning system built as an extension to ASPEN [Bhe
a particular aspect needed to provide the overall service. approach taken is to dynamigafeed monitor data (sensor

updates) back into the planning system as state updates. As
The NMC project element provides real-time monitor andhese dynamic updates come in, the planning system veri-
control of the DSN The DSN's intelligent controllers re- fies the validiy of the airrent plan If a violation is found
ceive directives frm the NMC and, in turn, issuom- in the plan, the system will perforlocd modification to
mands to the transmitters, receivers, and other subsystengnstruct a ne valid pan. Through this continual plan-
The primay focus of this work has been in the develop-ning approach, the plan is disrupted as little as possible and
ment of a faciliy for capturing operator knowledge and the system is much more responsive and reactive to changes
desires, and converting tieto system control directives in the real (dynamic) world The CLEaR effaris being
(instructions). This has consisted oét@apture of domain

2 In the NMC, control scripts are referred to as Temporal Dependency Net-
works (TDNs).



integrated with a Fault Detection, Isolation and Recovery
(FDIR) system.

The larger encompassing task, FDIR, consists of a number 11. GONCLUSIONS
of different tools:

¢ For the detection phase, a system called Beacon-basg

Exception Analysis for Multi-missions (BEAM) will be future areas of DSN automatioriThis DS-T station auto-
used. ) ) mates routine operatiensich as: scheduling and resource
+ For the isolation phase, of the system Spacecrafijocation, antenm and receiver predict generation, track
Health INference Engine (SHINE) will be used [15].  procedure generation from service requests, and closed loop
* For the recover phase, of the FDIR process CLEaR control and errorecovey for the station subsystemd his
will be used. architecture has been succesgfulemonstrated through a
set of DS-T technolggdemonstrations.

gis paper has described an architecture for an autonomous
eep space tracking station, DS-T, and offered insights to

BEAM is a system leveteasoning compongithat detects
shifts in the physical behavior and trends within a system. 12. ACKNOWLEDGEMENTS
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